In this work, we developed a cost-effective, facile approach to obtain nitrogen self-doped porous biomass-derived carbon catalyst by direct co-pyrolysis of corn straw biomass with KOH. Through characterization, the obtained catalyst possesses a quite high BET surface area up to 1461.36 m 2 g -1 and significant pyrrolic-N content. Electrochemical test demonstrated that nitrogen self-doped porous carbon exhibits an excellent electrocatalytic activity for oxygen reduction reaction (ORR) in alkaline media, with onset potential of -0.06 V (vs Hg/HgO) and current density of -3.42 mA cm -2 , which is comparable to 20% Pt/C catalyst. More importantly, obtained catalyst shows high stability and durability towards ORR reaction. Our results demonstrated that the co-pyrolysis process is a promising route for economical and sustainable utilization of biomass towards the effective metal-free ORR catalysts for alkaline fuel cell.
INTRODUCTION
Due to the benefits of cleanliness and high efficiency, fuel cell is considered to be one of the most promising technology to cope with future crisis on the generation of clean energy. The kinetics of oxygen-reduction reaction (ORR) at cathode is widely accepted as the most crucial factor that affects the performance of fuel cells [1] [2] [3] . So far, the reported high-performance electro-catalysts almost exclusively relied on Pt-based electro-catalysts [4] [5] [6] . However, the drawbacks of high cost, poor stability and low methanol tolerance of Pt catalysts [7] greatly restrict the wide application of fuel cell. Therefore, developing high efficiency, low cost and precious metal free ORR electro-catalyst is paramount for future commercialization of fuel cell technology.
Recent investigations revealed that nitrogen doped carbon materials, such as N doped graphene [8] [9] [10] , reduced graphene oxide [11] , and ordered mesoporous carbon [12, 13] show great potentials on ORR at fuel cell cathode. These metal-free carbonaceous catalysts attracted intensive interests from researchers due to the advantages of superior electro-catalytic activity and long durability. However, the synthetic process of these N doped catalysts is substantially complicated and usually involve poisonous nitrogen precursors such as ethylenediamine [14] , tripolycyanamide [15] , pyridine [16, 17] and ammonia [18] , which are harmful to human health. Clearly, exploring alternative precursor and new route for producing highly active ORR catalyst are urgently required.
Biomass is an attractive ORR catalyst precursor which is rich in carbon, environmentally friendly, readily available and renewable. Previous work indicated that charring materials obtained from oxygen free thermal pyrolysis of different forms of biomass, such as cotton [19] , pollen grain [20] , sawdust [21] , silk [22] , pulse flour [23] , okara [24] and Typha orientalis [25] presented excellent ORR performance owing to the benefits of high porosity and surface area. The featured porous structure is supposed to facilitate high mass transfer fluxes and promote the contact between reactants and catalytic sites in twodimension thin films or nanosheets in biomass-derived carbon.
In light of the importance of porosity of carbon electrocatalyst on ORR, some activation reagents are usually employed to develop pore structure in catalyst. For example, Zhao et al [26] using KOH as post-active agent to increase specific surface area and micropore content in a three-dimensional (3D) hierarchical porous carbon catalyst derived from Artemia cyst shell. Liu et al [27] preloaded ZnCl2 on soybean biomass as an activator to prepare high performance ORR catalyst with significant BET surface area (up to 949 m 2 g -1 ). However, these modified synthesis methods usually contained tedious steps such as pre-impregnation of activator on biomass, post-activation of carbonized biomass, or multistage heating program, leading to complicated processes for catalyst preparation.
In this work, we use corn straw, a common agricultural bio-waste as a carbon source to develop a simple, low-cost and readily scalable approach for the synthesis of porous carbon-based catalyst by direct pyrolysis of biomass with KOH at controlled temperature. The resulting sample exhibited a high BET surface area and hierachical porous distribution. Electrochemical measurements of this porous carbon demonstrated distinguished catalytic ability and stability towards ORR in alkaline solution, which was comparable to commercial Pt/C catalysts. Our co-pyrolysis approach can substantially simplify the synthesis process and reduce thermal treatment duration of biomass-derived ORR catalyst.
EXPERIMENTAL MATERIALS AND METHODS
Corn stalk used in this experiment was collected from Chongming Island, Shanghai, China. Obtained biomass was washed extensively by deionized water to remove impurities such as dusts and air-dried for days. Before pyrolysis, raw biomass was cut into pieces, ground to powder in a mortar, screened by 100 mesh sieve and oven-dried at 105 o C for 24 h. In a typical pyrolysis run, 5.0 g biomass was heated in a tube furnace at 850 o C under N2 flow (100 mL/min) for 30 min. After cooling to room temperature under N2 gas, the carbonized product was alternately rinsed with 0.05 M HCl and 0.05 M NaOH to remove metal deposits and other impurities. The product of pyrolysis (marked with BC) was further washed with DI-water until constant pH and dried in an oven at 80 o C for future use. KOH activated catalyst was prepared by direct co-pyrolysis of the mixture of biomass powder and potassium hydroxide (1:1 by weight) under identical carbonization condition with BC and are labeled as BC-K-t, where t denoted pyrolysis time (i.e. 0.5, 1 h).
BET analysis of sample was performed by a Micromeritics ASAP 2020 using N2 as adsorbate at -195.74 o C. Infrared spectra were collected by a Thermo Scientific FTIR 380 spectrometer at wave numbers of 400 -4000 cm -1 with each sample mixed with KBr at a ratio of 1:100 (w/w). Surface morphology of sample was characterized by a scanning electron microscope (JEOL JSM6700) equipped with an energy dispersive spectroscopy detector and a high-resolution transmission electron microscope (HRTEM, JEOL JEM-2010). XPS (ESCALAB 250 Xi, USA) was used to determine elemental composition and chemical state of elements on sample surface. The structure of biochar was characterized by X-ray powder diffraction (XRD) by a D/max-2500 X-ray diffractometer with Cu-ka radiation (40 Kv, 250 Ma, k = 0.1789 nm) at a scanning speed of 4 °/min and a scan 2θ range of 5 -80 o . Electrochemical experiment was conducted on a CHI660A electrochemical workstation (CH instrument Co., China) with a three-electrode cell equipped with gas-flow system. Counter and reference electrodes used in this experiment were a platinum sheet and a Hg/HgO (2 M KOH solution) electrode, respectively. Working electrode was a glassy carbon electrode with 3 mm in diameter. In a typical electrochemical test, 5.0 mg of biochar was added into 2 mL ethanol and 10 µL Nafion solution (1 wt%, Alfa Aesar) and sonicated for 30 min to form a well-dispersed ink. Afterward, 10 µL dispersion was evenly spread onto the surface of glassy carbon electrode and dried at room temperature for 2 h to form a catalyst thin film. Commercial Pt/C catalyst was loaded onto the surface of electrode by the same method and used as reference in this experiment. For ORR measurement, alkaline electrolyte (0.1 M KOH) was purged with high-purity N2 or O2 gas for 30 min to ensure gas saturated. Cyclic voltammetry (CV) measurements were conducted over the potential range of -0.8 to +0.2 V (vs Hg/HgO) with a scan rate of 50 mV s -1 . Linear sweep voltammetry (LSV) measurements were conducted at a scan rate of 50 mV s -1 . The accelerated durability test (ADT) [28] of sample was performed in N2-saturated 0.1 M KOH at the potential range from -0.8 to 0.2 V with a scan rate of 50 mV s -1 . Sample stability was also evaluated by current vs. time (i-t) chronoamperometric response at a constant potential of -0.35 V in O2-saturated 0.1 M KOH. All tests were carried out at ambient temperature and airtight condition.
RESULTS AND DISCUSSION
Morphology and structure of samples were characterized to indentify the effect of KOH copyrolysis on catalyst. Scanning electron microscopy (SEM) micrograph reveals BC (Fig. S1a) consisted of a lot of carbonaceous fragments which are irregular in shape and free of pore on surface. In contrast to BC, BC-K-0.5 ( Fig. 1a) and BC-K-1 (Fig. S1b) were abundant with hierarchical porous structure on surface, suggesting these samples owned large specific surface area. High resolution SEM image (Fig.  1b) further confirms the highly ordered porous structure of BC-K-0.5, which featured with interconnected macro-pores (1-2 µm in diameter) separated by 0.5-2 µm carbon wall. These results demonstrate the co-pyrolysis of biomass with KOH is effective in establishing and developing threedimensionally ordered structure inside catalyst. It is worthy noted that BC-K-0.5 (Fig. 1a) shows more excellent structure than BC-K-1 because the latter presents more fractures and blocked channels (Fig.  S1b) . The break and collapse in carbon skeleton of BC-K-1 reveals the activation of KOH happened excessively with the increase in heating duration, and also highlights the potential in shortening thermal treatment time in the co-pyrolysis process. Morphology and structure of BC-K-0.5 were further detected by transmission electron microscope (TEM) analysis. It can be clearly seen that BC-K-0.5 was rich in smooth graphene-like structure with several micrometers in size (Fig 1c) . High resolution TEM images also reveals that BC-K-0.5 sample was composed of highly curved graphitic layers. It is well known that graphene possesses excellent electrical conductivity which is favorable for fast and smooth electron transfer [10] . Therefore, it can be expected that porous channels in BC-K-0.5 is beneficial for electrolyte infiltrating into catalyst and further contacting with active sites on catalyst. Besides, published works also reported that open edge sites and higher curvatures on carbon catalyst are favorable for ORR because these structures may assist oxygen molecule to conveniently and effectively access to the electrocatalytic active sites produced from nitrogen doping [29, 30] . , which correspond to (002) and (100) lattice planes of a typical turbostratic carbon, respectively. This result demonstrates the formation of graphitic carbon in all samples [31] . However, based on remarkably strengthened and broadened characteristic bands of turbostratic structures in BC-K-0.5 (as reveled in Fig. 2a) , it can be inferred that a higher degree of structural alignment is more easily formed at co-pyrolysis process.
N2 adsorption-desorption isotherm was used to analyze the porosity and pore-size distribution of BC-K-0.5. According to Fig. 2b , the occurrence of hysteresis loop in high pressure range proves BC-K-0.5 was abundant with mesopores, while the sharp increase at low pressure indicates a certain amount of micropores also existed in this sample. Furthermore, the pore size distribution (Fig. 2b inset) calculated via density functional theory (DFT) method declared the prevalence of pores ranging from 1 to 40 nm in size, demonstrating a larger number of micropores and mesopores within catalysts, which is in conformity with SEM and TEM results of BC-K-0.5. Specific surface areas of three samples are presented in Table 1 . The high surface area of BC-K-0.5 allows the catalyst possess high density of active sites. In addition, the abundance in mesoporous structures are beneficial to the diffusion of ORR related species [32] [33] [34] .
The result of element analysis of each sample was also complied in Table 1 . It can be founded that nitrogen doping in samples were 2.13 at%, 1.15 at% and 0.77 at% for BC, BC-K-0.5 and BC-K-1, respectively ( Table 1 ). Note that no extra N source was introduced in the synthetic process, these nitrogen contents come exclusively from inherent N species of raw biomass. High N contents is desirable for catalyst for that previous experiment revealed that carbon atoms adjacent to nitrogen have high positive charge density which can lead to increased O2 adsorption and thus accelerated ORR [9] [10] . X-ray photoelectron spectroscopy (XPS) analysis was implemented to further indentify elemental chemical characteristics of samples, with particular emphasis on the bonding configuration of nitrogen. Clearly, C 1s (c.a. 284 eV), O 1s (c.a. 532 eV) and N 1s (c.a. 400 eV) spectra were detected in each sample, proving that these samples are indeed nitrogen self-doping carbon materials. High-resolution N 1s spectra of three samples were deconvoluted to clarify N species presented in catalysts. As illustrated in Fig. 3b and d , three major types of nitrogen group were identified and ascribed to pyridinic-N (398.4±0.3 eV), pyrrolic-N (400.1±0.3 eV) and quaternary or graphitic-N (401.2±0.3 eV), respectively [35] [36] [37] . The percentages of total nitrogen and each nitrogen species in BC and BC-K-0.5 were quantified by integrating the peak area of corresponding signal and the results are shown in Fig. 4 . Total nitrogen contents in BC-K-0.5 and BC surface are 4.21% and 2.81%, respectively, which are much higher than N contents determined by elementary analysis, especially for BC-K-0.5. It is inferred that high specific surface area makes more nitrogen contained groups exposed on the surface of samples. With regard to detailed N species, it is intuitive to see that pyrrolic-N and prridinic-N are in the majority of N groups in these two samples. In terms of pyrrolic-N, 1.58% for BC, 3.68% for BC-K-0.5, with the latter one presenting higher pyrrolic-N content. In addition, BC-K-0.5 has lower content of graphitic-N (only 0.147%). ORR performance of N-doped carbon catalyst is strongly dependent on the nitrogen configurations. However, there still existed controversial viewpoints on the detailed catalytically active sites of nitrogen functionality. Several studies reported that pyridinic-N and pyrrolic-N have planar structure without torsion angle of C-N bond for planar sp 2 -hybridized orbital, which are active to ORR [38] [39] [40] . Recent investigations revealed pyrrolic N is more crucial for ORR performance of nitrogendoped catalysts because the withdraw effect on electron by pyrrolic N is more intense than pyridinic-N so that the former can activate adjacent carbon atoms to show higher affinity to oxygen molecules [41, 42] . On the contrary, graphitic-N presents a three dimensional (3D) structure which is not desired for ORR since carbon with quaternary-N presents tetrahedral sp 3 -hybridized N which forms non-uniform structure [39] . In light of significant high pyrrolic-N content while low graphitic-N content in BC-K-0.5, it can be anticipated that this sample has better catalytic performance. To confirm this speculation, electrocatalytic performance of BC-K-0.5 towards oxygen reduction reaction was tested through cyclic voltammery (CV). From Fig. 5 , under nitrogen atmosphere, a quasi-rectangle voltammogram without any redox peak appears for all samples. After oxygen dissolved in electrolyte, a well-defined oxygen reduction cathodic peak can be observed obviously from Fig. 5 a-e, demonstrating these three samples are active to ORR. As special for peak potential, BC-K-0.5 exhibited a more positive shift of -0.16 V in contrast to BC-K-1 (-0.36 V) and BC (-0.37 V), which is also close to Pt-C (-0.07 V). It is interesting to find that the current of BC-K-0.5 is much higher than others and some reported samples (see Table S1 in Supporting material) [10, [43] [44] [45] [46] , which means this sample owned excellent electrical conductivity and also reveals higher electrocatalysis activity towards ORR. Electrochemical durability in alkaline media is another important factor to evaluate the performance of ORR catalyst. The durability of BC-K-0.5 was first evaluated by comparing the changes in CV curves before and after the ADTs. The sample was continuously cycled with a scan rate of 50 mV s -1 in nitrogen saturated 0.1 M KOH for 4000 times. As can be observed from Fig. 5f , after 4000 cycles, the reduction in ORR activity of BC-K-0.5 is negligible in contrast to fresh sample. To further confirm the stability of catalyst, current-time responses of BC-K-0.5 and Pt/C were carried out and the profiles are shown in Fig. 6a . As seen, after 4000 s of continuous operation, ORR activity of BC-K-0.5 maintained around 92%, which is a little higher than Pt/C (about 85%) in the same condition, revealing BC-K-0.5 possesses better stability in contrast to Pt/C. Linear sweep voltammetry (LSV) in O2-staturated 0.1 M KOH solution at room temperature was also tested and results are complied in Fig. 6b . It is worth noting that BC-K-0.5 had a rapid decline in 0.2 V, which is electric double layer current rather than oxygen reduction current. For BC-K-0.5, the onset potential (E0 = -0.06 V) and current density (j = -3.42 mA cm -2 ) is much higher than that of BC-K-1 (E0 = -0.11 V, j = -0.87 mA cm catalysis, BC-K-0.5 exhibited slightly negative onset potential but a little higher current density. Surprisingly, it can be found that catalytic performance of BC-K-1 is close to KOH free sample, which is substantially lower than BC-K-0.5. This finding suggests thermal treating time in KOH co-pyrolysis process should be carefully controlled to avoid over activation. Based on above result, BC-K-0.5 exhibits distinguished ORR electrocatalytic performance and embodies in positive onset and great current density. The better ORR performance should be attributed to large specific surface area and high and pyrrolic-N content.
The activation mechanism of KOH on carbon-based ORR catalyst has been well illustrated [47, 48] . As shown in reaction (1), carbon atoms in precursor can react with KOH at high temperature to produce metal carbonate, hydrogen and some metallic compound.
2 K+3H 2 +2K 2 CO 3 2C+6KOH
(1)
With the progress of reaction, micropores in carbon will gradually develop due to the release of volatiles at 500 -700 o C. It was reported that the release of CO2 from K2CO3 (above 700 o C) is particularly important for KOH activation because it can open up closed pores and expand existing micropores, and as a result develop hierarchical porous structures in catalyst [48] . In addition, metallic potassium may also improve pore volume and BET surface area of carbon-based catalyst [49, 50] .
In contrast to common activation method via KOH pre-impregnation approach [26, 51, 52] , the direct co-pyrolysis of biomass with KOH has the following advantages: (1) greatly simplify the synthesis procedures of catalyst, for example, the impregnation of KOH solution on feedstock and subsequent drying steps are not required anymore; (2) significantly reduce the pyrolysis duration of biomass, which is much desired because lots of energy can be saved; (3) have the potential to tune the distribution of pore sizes, for example, developing more mesoporous structure and increasing the size of mesoporous range via proper control of the amount and granularity of KOH. However, as revealed in this experiment, the ratio of biomass and KOH as well as thermal treatment conditions should be thoroughly explored and carefully controlled for particular biomass precursor to avoid over-activation.
CONCLUSIONS
Nitrogen self-doped porous graphene-like carbon was synthesized via a simple, mild and onestep procedure using a common kind of waste biomass -corn straw as both the carbon and nitrogen source based on KOH activation. The obtained catalyst presented a considerably high surface area (up to 1461.36 m 2 g -1 ) and showed prominent ORR performance, which is not inferior to 20% commercial Pt/C catalysts, especially on the current density. The co-pyrolysis method can greatly simplify the preparation process and reduce thermal treating time of catalyst. The results indicated that porous nitrogen-doped graphene via one-step pyrolysis of corn straw with KOH is a promising non-metal ORR electrocatalyst material for low temperature fuel cell in alkaline electrolyte.
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